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Abstract 
Rationale and aim: In the field of ultrasonic contrast agent imaging, Capacitive Micromachined Ultrasonic Transducer (cMUT) 
are of great interest because of their wide frequency bandwidth. However, due to their intrinsic nonlinear behaviour, their use 
with classical nonlinear imaging techniques (pulse inversion, amplitude modulation, harmonic imaging...) is still limited. 
Different approaches have been proposed to suppress the nonlinear part of the emitting signal from a cMUT. Recently, a new 
imaging sequence called Bias Voltage Modulation (BVM) has shown very good potential but is limited to the conventional 
regime of the probe (well below the collapse voltage). Thus the probe's sensitivity is not optimized. 
Materials and methods: An improved version of the BVM sequences is proposed to allow the use of bias voltages close to the 
collapse voltage. The principle is to change the coefficients associated with the successive pulses of the sequence. Experiments 
have been performed using a 128-element cMUT probe connected to an open scanner. For microbubbles measurements, Sonovue 
contrast agents have been imaged through a flow phantom. A contrast to tissue ratio (CTR) and a signal to noise ratio (SNR) 
were calculated to assess the efficacy of the new approach. 
Results: The application of BVM sequence with new coefficients show an increase of the CTR of 19 dB at high bias voltage 
(90% of the collapse) compared to the classical BVM sequence. Due to the high sensitivity of the probe in this regime, the SNR 
is also increased by 9 dB. These results reveal that the BVM sequence can be optimized further and applied at bias voltage close 
to the collapse and thus fully exploit the potential of the cMUT technology for contrast agent imaging. 
 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of 2015 ICU Metz. 
Keywords: cMUT; Contrast imaging; Bias Voltage Modulation 
 
 
* Corresponding author. Tel.: +3-324-736-6259. 
E-mail address: damien.fouan@inserm.fr 
© 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Scientific Committee of ICU 2015
 Damien Fouan and Ayache Bouakaz /  Physics Procedia  70 ( 2015 )  1200 – 1203 1201
 
1. Introduction 
Ultrasound Contrast Agents (UCA) are routinely used in many fields of medical diagnosis (Wilson and Burns, 
2010). Because of UCA’s strong nonlinear behavior compared to biological tissue, the ultrasound contrast imaging 
techniques are based on detecting the nonlinearities scattered by microbubbles. To improve the enhancement of the 
signal from UCA and suppress tissues’ echoes, multi-pulses sequences have been proposed such as Pulse Inversion 
(PI), Amplitude Modulation (AM) or the combination of the two (PIAM). The purpose is to transmit two 
consecutive pulses with different phases or amplitudes and use a combination of their echoes to suppress the linear 
response from the tissue. To be efficient, all these methods supposed that the transmitter behave linearly. 
Over the past few years, Capacitive Micromachined Ultrasonic Transducers (cMUTs) have emerged as a 
promising alternative to traditional PZT transducers. For Ultrasound Contrast Imaging, the wide frequency 
bandwidth of the CMUTs is a valuable advantage. However, these transducers are highly nonlinear and thus, their 
use in the contrast imaging approaches is compromised. PI method has been adapted for cMUT probe by the 
inversion of the transmit waveform for adjacent elements (Ladabaum et al, 2009) or by alternating the bias voltage 
polarity (Panda et al, 2010). Recently, a new method called Bias Voltage Modulation (BVM) has been proposed 
(Novel et al, 2014) based on the classical AM method principle. This method allows a complete cancellation of the 
response of linear reflectors and an enhancement of microbubble echoes but can only be applied with low bias 
voltage amplitudes, much below the collapse voltage of the CMUT, where the sensitivity of the probe is much 
higher. We proposed here an adaptation of the BVM method for cMUTs where the method can be fully exploited at 
bias voltage close to the collapse voltage, allowing, hence, an increase of the signal to noise ratio (SNR) and of the 
contrast to tissue ratio (CTR). 
2. Materials and Method 
2.1. Bias Voltage Modulation 
The method used here follows the same principle as the BVM sequences (Novel et al, 2014). In BVM, three 
successive pulses are transmitted with different bias voltage amplitudes (A, 2A and 3A) and the same excitation 
voltage. This method is adapted to be applicable even at high bias voltage by using pulses with bias voltage equal to 
A, (Ȝ+1)A and (2Ȝ+1)A, with Ȝ a constant. The classical BVM method is obtained with Ȝ=1. The excitation voltage 
(vac) still remains the same for the three pulses. Thus, taking into account the change of sensitivity of the cMUT 
probe in receive mode with changing bias voltage, the following operation allows a complete cancelation of the 
echoes from a linear reflector. 
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2.2. Experimental setup 
A 128-element cMUTs linear array (Vermon SA, Tours, France) centered at 4.5 MHz is connected to an open 
scanner equipped with analog transmitters (M2M, Les Ulis, France). The fractional bandwidth of the probe as 
measured at -3 dB is 99% and the collapse voltage is estimated at 105 V. Characterization of the ultrasonic beam of 
the probe is performed with a needle hydrophone (Precision Acoustics, Dorchester Dorset, UK). The acoustic wave 
is created by sending one shot with all the elements focalized on the hydrophone needle. Pressure measures are 
digitalized on an oscilloscope (Tektronix, Beaverton, OR) and transferred to a computer for further analysis and 
treatment. Flow phantom imaging is carried out using a tissue mimicking Doppler phantom (ATS Laboratories, 
Bridgeport, CT) with a solution of SonoVue microbubbles (Bracco Research, Geneva, Switzerland). For all pulses, 
the transmit frequency is set at 3 MHz and the excitation voltage at the maximum value delivered by the open 
scanner (vac=40 Vpeak). The emission is dynamically focused at 20 mm from the probe. Two different parameters are 
calculated: the signal to noise ratio (SNR) and the Contrast to tissue ratio (CTR).  
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3. Results 
3.1. BVM limit at high bias voltage  
Pressure measures for each pulse are shown in figure 1 in time (Fig. 1.a, 1.b and 1.c) and frequency (Fig. 1.d, 1.e 
and 1.f) domain. The three pulses of the BVM sequence can be seen for different bias voltage associated with the 
cancellation operation. As it is predicted by the theory, for low bias voltage (10, 20 and 30 V, Fig 1.a and 1.d), BVM 
sequence remove more than 30 dB of both the linear and non-linear components of the transmitted wave. But with 
an increase of the bias voltage a remaining signal can be seen after the compensation process (Fig. 1.c and 1.f). In 
this last case, the Peak Negative Pressure (PNP) increases by 105% and 369% when changing the bias voltage from 
30 V to 60 and 90 V. This high non-linear increase reveals that the cMUT probe is no longer working in a 
conventional regime. To preserve validity of the sequence but with a high sensitivity (i.e. at high bias voltage) the 
amplitude coefficients of each pulse have to be adapted.  
 
 
Fig. 1. Time (Fig. 1.a, b and c) and frequency (Fig. 1.d, e and f) representation of the BVM sequence for different level of pressure. PNPmax is 
equal to 155 kPa (Fig. 1.a and d), 317 kPa (Fig. 1.b and e) and 728 kPa (Fig. 1.c and f). 
3.2. Optimization of the sequence  
Comparison of the classical BVM sequence and the same method but adapted for high bias voltage is performed. 
Bias voltage are chosen at 70, 80 and 90 V (Ȝ=0.14) that correspond to a PNP increase of 38% and 85% sufficient to 
observe UCA nonlinearities. Emission and echoes on a linear reflector are measured to test the ability of the new 
sequence to remove linear and non-linear components. Contrast ultrasound images are reconstructed from linear 
scanning of the phantom. Bandpass numerical filters are applied on the RF lines in order to recover the fundamental 
or the harmonic part of the signal. Figure 1 show four different images from the same section of the flow phantom. 
The bias voltage is set to 90 V for the images obtained with fundamental approach (Figure 1.a) and with harmonic 
approach (Figure 1.b). A sequence of three pulses with bias voltage at 30, 60 and 90 V is applied for classical BVM 
(Figure 1.c). For optimized BVM approach (Figure 1.d) a sequence of pulses with bias at 70, 80 and 90 V is applied. 
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Fig. 2: Linear ultrasound images of a flow phantom filled with circulating microbubbles. Images are filtered around fundamental component (a), 
harmonic component (b), compensated with classical BVM sequences (c) and with optimized BVM sequence (d) 
4. Conclusion 
Improvement of BVM method can be seen both on the CTR and SNR. Because of the high bias voltage used 
(§90% of collapse voltage), it is not surprising (see Fig. 1c and 1d) that BVM method does not suppress the tube 
membrane considered as a linear reflector (Fig. 2c). SNR and CTR of classical BVM method is simply increased by 
3 dB compared to the fundamental image. Harmonic image has a CTR and a SNR higher than in BVM method. This 
is due to the removal of the fundamental and higher harmonic components. There is not a complete cancelation of 
the tube membrane echo because of the cMUT non-linearity that is not fully compensated. Finally, a great 
improvement of both CTR and SNR can be seen for the optimized BVM sequence. Using bias voltage amplitudes 
close from one pulse to another minimizes the error on the compensation and provides a much higher CTR (22 dB 
higher than for the fundamental). Moreover, the high sensitivity of the probe at bias voltages equal to 70, 80 and 90 
V allows an increase of the SNR by 12 dB. 
In this study, an innovative method for the compensation of cMUT nonlinearity is optimized. This method allows 
to use cMUT probe at their maximum of sensitivity. All these results demonstrate that the problem of cMUTs 
nonlinearity can be addressed without lowering other key parameters of contrast imaging such as temporal 
resolution or frame rate. Further investigations include the in-vivo validation of the BVM sequence. 
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